The Hydrogenated silicon nitride (SiN x :H) using plasma enhanced chemical vapor deposition is widely used in photovoltaic industry as an antireflection coating and passivation layer. In the high temperature firing process, the SiN x :H film should not change the properties for its use as high quality surface layer in crystalline silicon solar cells. For optimizing surface layer in crystalline silicon solar cells, by varying gas mixture ratios (SiH 4 +NH 3 +N 2 , SiH 4 +NH 3 , SiH 4 +N 2 ), the hydrogenated silicon nitride films were analyzed for its antireflection and surface passivation properties. The film deposited with the gas mixture of SiH 4 +NH 3 +N 2 showed the best properties in before and after firing process conditions. The single crystalline silicon solar cells fabricated according to optimized gas mixture condition (SiH 4 +NH 3 +N 2 ) on large area substrate of size 156 mm x 156 mm (Pseudo square) was found to have the conversion efficiency as high as 17.2 %. The reason for the high efficiency using SiH 4 +NH 3 +N 2 is because of the low film absorption coefficients (α) and passivation properties. Optimized hydrogenated silicon nitride surface layer and high efficiency crystalline silicon solar cells fabrication sequence has also been explained in this study.
Introduction
The hydrogenated silicon nitride (SiN x :H) fabricated by low temperature Plasma Enhanced Chemical Vapor Deposition (PECVD) has become the industry standard for application of anti-reflection coating layer (ARC) and passivation layer on screen-printed crystalline silicon solar cells [1, 2] . The passivation properties of the material are especially bear by its chemical properties. For SiNx:H films chemical composition, hydrogen concentration and chemical bond contents are of most important. It is important that in the high temperature firing process, the SiN x :H film should not change its chemical properties for its use as high quality surface layer. The low temperature of the deposition, the higher deposition rate, the adjustable refractive index and the higher passivation quality are all reasons that SiN x :H films are increasingly supplanting other dielectric layers, such as SiO x , TiO x etc. In summary, silicon nitride layers are likely to lower production costs and increase the efficiency of crystalline silicon solar cells. When using silane (SiH 4 ) and ammonia (NH 3 ) as process gases, the refractive index of the deposited film can be varied from about 1.8 to 2.5 by adjusting the gas ratios [1, 3] . The high percentage (20 to 25 %) [4] of hydrogen (H) content incorporated in the SiN x :H films is also advantageous as it helps to passivate the SiN x :H/Si interface [1, 3] . Another relevant passivation mechanism which occurs for SiN x :H film is field effect passivation. The field effect passivation is caused because of fixed charge (Q f ) (usually positive fixed charge in SiN x :H ) as an electric field is essentially established near the surface. The fixed charges in a passivation layer repel the minority carriers or the extremely large fixed charges bend the energy band resulting in an inverting layer at the surface [5] .
The SiN x :H films properties as a function of the layers composition gas been found to depend strongly on the gas reactants and PECVD process conditions used [1] .
Experimental

Sample Preparation
In this study, we prepared the SiNx:H films by using three kinds of gas mixture ratio to make it useful for the application of crystalline silicon solar cells. Crystalline silicon wafers of 6 inch size (156 mm x 156 mm) pseudo-square were taken as the starting material. Saw damage marks were removed by alkali etching followed by surface texturing with alkali solution of sodium hydroxide, deionized water and isopropanol. The sheet resistance of the phosphorous doped silicon wafers using POCl3 as the doping source was maintained in the range of 55 -60 Ω/sq. The doped wafers were then subjected to remove phosphorus silica glass (PSG) layer removed by buffer oxide etchant (BOE). We prepared many SiNx:H films by varying the gas ratios to make the films from three gas mixtures i) SiH4+NH3+N2, ii) SiH4+NH3, iii) SiH4+N2 and obtained the best films property for each gas mixture. We obtained the best films for i) SiH4+NH3+N2 using gas ratio of 1:2.6:28.5, for ii) SiH4+NH3 using 1:4 and for iii) SiH4+N2 using 1:440. Three kinds of gas mixture ratio are as follows: i) SiH4+NH3+N2, ii) SiH4+NH3, iii) SiH4+N2. In these experiments, all PECVD process condition parameters were fixed except above gas ratios. The SiNx:H films were then checked by characterizing these films for antireflection and passivation (electrical and chemical) properties of before and after RTP firing condition. These films were then used to make the c-Si solar cells and characterized for the cell properties.
Characterization method
The use of SiN x :H film in solar cells is divided into two mechanisms antireflection and passivation. Firstly, the antireflection properties were characterized with: i) the reflectance measured by UV-VIS spectrophotometer. ii) the absorption coefficient (α) values were estimated by measured extinction coefficient (k).
(1)
Where, α = Absorption coefficient, k = Extinction coefficient and λ = Wavelength.
Secondly, the passivation properties were characterized by electrical measurements. The fixed charges (Q f ) were calculated from Capacitance Voltage (C-V) measurement using the relation
Where, C i =Insulator capacitance, A= metal gate area, W MS Metal semiconductor workfuction difference, V FB =Flatband Voltage
We also estimated the interface charge densities (D it ) using Conductance Voltage (G-V) method explained by Nicollian and Brews [6] . 
Results and discussion
Antireflection properties
The results of the antireflection properties of SiN x :H film according to gas mixture ratios are shown in Figure 1 and Table 1 . Since the refractive index is already fixed (2.0 ± 0.03), the weighted reflectance values of SiN x :H film are similar in Table 1 . But, the reflectance measurement of SiN x :H films has a difference at the short wavelength (300~550 nm) region, as a consequence of which we can easily observe any change or variation in transmittance or absorbance property of SiN x :H film. We estimated the absorption coefficient value using equation (1) and the extinction coefficient (k ) values are measured from ellipsometer. From Figure 2 , we can observe that the absorption coefficient (α) have a difference, this may be due to the film properties which have changed due to gas mixture ratios. The absorption coefficient (α) has significant change for all the three gas mixture ratios. Thus we can say that, variation of gas mixture ratio during the deposition of SiN x :H plays an important role in changing the optical properties. The absorption coefficient and reflectance data did not show any change in RTP firing condition for all the three gas mixture ratios.
(a) (b) Fig. 1. (a) . The reflectance of SiNx film according to gas mixture ratios (after firing) Fig. 2. (b) The absorption coefficient (α) of SiNx film according to gas mixture ratios (after firing) Table 1 . The avg. weighted reflectance according to gas mixture ratio. 
Passivation properties
The effect on the minority carrier lifetime of SiN x :H films prepared according to gas mixture ratios are shown in Figure 3 . In this graph, the lifetime of the samples prepared with SiH 4 +NH 3 +N 2 and SiH 4 +NH 3 gas mixture ratios is much higher than the samples prepared with SiH 4 +N 2 gas mixture, for both before/after RTP firing condition. Also the minority carrier lifetime is the highest for SiH 4 +NH 3 +N 2 gas mixture ratio sample.
The variation in the lifetime observed for different gas mixture ratio samples is may be due to the plasma chemistry which occurs during the film deposition. For the PECVD deposition of SiN x :H film, the source gases usually employed are SiH 4 , NH 3 and/or N 2 , Argon (Ar) or Helium (He). The different plasma chemistry leads to different layer film properties. In a SiH 4 +NH 3 +N 2 or SiH 4 +NH 3 plasma, Si(NH 2 ) 4 and •Si≡(NH 2 ) 3 are the dominant gas phase precursors for the SiN x :H film growth [1, [8] [9] . In contrast, •SiH m and •N radicals of a SiH 4 +N 2 plasma are responsible for the growth of silicon nitride, while no Si-N precursors are detected in the plasma [8] [9] . Furthermore, the passivation quality as a function of the SiN x :H layers composition has been found to depend strongly on the gas reactants used [9] [10] .
The lifetime of the samples depends on its interface property. So to understand the lifetime results, we performed the Capacitance Voltage (C-V) measurement and calculated the values of fixed charges (Q f ) and interface state densities (D it ) from it. Figure 4 shows the C-V graphs of the SiN x :H films prepared at different gas mixture ratios. The C-V characteristics of SiN x :H films clearly show the accumulation, depletion and inversion regions for the MIS capacitor. From the C-V graphs it can be observed that flatband voltage (V FB ) and accumulation capacitance (C i ) (related to net dielectric constant) for SiN x :H films is changing for all the three gas mixture ratios. We calculated the fixed charge (Q f ) values using the relation (2) [11]. The flat-band (Voltage required to shift the curve to the voltage when there is no fixed charge or interface charge) voltage was observed to be shifted towards more negative side for the films prepared with SiH 4 +NH 3 +N 2 gas mixture as compared to the films prepared by SiH 4 +NH 3 and SiH 4 +N 2 gas mixtures. This means that the positive fixed charges is highest for the film prepared with SiH 4 +NH 3 +N 2 gas mixture. Furthermore, when we compared the Q f after RTP firing condition, the Q f value is same or increased little for all the three gas mixtures.
We also estimated the interface charge densities using Conductance Voltage (G-V) method given by equation (3) [6] [7] . The consolidated values of the fixed charge (Q f ) and the interface charge densities (D it ) obtained from the C-V and G-V characteristics are shown in Table 2 . From the table, we again observe that the lowest interface states density is for the films prepared with SiH 4 +NH 3 +N 2 gas mixture. These results are in agreement with our lifetime data which also show the highest value for the films prepared with SiH 4 +NH 3 +N 2 gas mixture. The change in the interface property of the films after high temperature processing depends on the thermal stability of the films. This mainly depends on the amount of NH radicals [1] . Interface charge density may be related to stress at the Si/SiN x :H interface built in during film deposition [12] , where stress can enhanced the rate of defect generation [13] .
(a) (b) Fig. 3. (a) The minority carrier lifetime according to gas mixture ratios (before/after firing condition) Fig. 4. (b) The C-V measurement data of SiNx:H film according to gas mixture gas ratios (before/after RTP firing condition) Table 2 . Flat band voltage, Fixed charge (Qf) and interface charge density (Dit) of SiNx:H film according to gas mixture ratios as determined from C-Vmeasurements (before/after RTP firing condition). 
Gas mixture
Conclusions
In this study, we investigated the passivation and optical properties of SiN x :H films prepared by three gas mixture ratios (SiH 4 +NH 3 +N 2 , SiH 4 +NH 3 , SiH 4 +N 2 ) in a PECVD system. Further we applied these gas mixtures for crystalline silicon solar cells fabrication. In analysis of optical properties, we investigated the reflectance and absorption coefficient. We observed the change in absorption coefficient in accordance with the films prepared at three different gas mixture ratios. For passivation properties, we investigated the minority carrier lifetime and C-V measurements. Our analysis of optical and passivation property shows that the first gas mixture i.e. SiH 4 +NH 3 +N 2 is the best for solar cells application. After the RTP firing condition, both film properties are not changed much. Finally, we made the crystalline silicon solar cells of size 156 mm x 156 m according to the gas mixture ratios. We obtained the most stable SiN x :H film with SiH 4 +NH 3 +N 2 gas mixture ratio as compared to the SiH 4 +NH 3 , SiH 4 +N 2 gas mixtures. This is the best properties for optical and passivation. For SiH 4 +NH 3 +N 2 gas mixture ratio, the solar cell efficiency achieved in this study is 17.2 % (J sc = 35.8 mA/cm 2 , V oc = 617 mV, FF = 77.7 %). 
